Introduction
population also provides an opportunity to investigate whether social organization and dispersal 75 covary with alternative variants at a supergene.
76
In the Alpine silver ant, Formica selysi, social organization is associated with a polymorphic 77 supergene that is 14.1 Mbp long and contains 664 coding genes (Purcell et al., 2014; Avril, 78 Tran, Brelsford, & Chapuisat, unpublished results) . The supergene has two large non-79 recombining haplotypes, Sm and Sp, which are highly differentiated both in nucleotide 80 sequence and gene order. The haplotypes differ by multiple inversions (Brelsford, Purcell, & 81 Chapuisat, unpublished results), but it is not yet clear whether inversions are a cause or 82 consequence of the arrest of recombination (Sun, Svedberg, Hiltunen, Corcoran, & 83 Johannesson, 2017). Like in other Hymenoptera the females are diploid and the males haploid.
84
Monogynous colonies produce diploid workers and gynes (winged females destined to become 85 queens) that all have the Sm/Sm supergene genotype, along with haploid winged males carrying 86 the Sm haplotype ( Figure 1 ; Purcell et al., 2014; Purcell et al., 2016) . In contrast, polygynous 87 colonies produce Sm/Sp and Sp/Sp workers and gynes, along with winged males carrying 88 exclusively Sp (Figure 1 ; Purcell et al., 2014; Purcell et al., 2016 Field observations indicate that queens and males of both social forms fly away from their natal 120 colony and mate on top of small trees located nearby (Chapuisat, Bocherens, & Rosset, 2004;  121 Rosset & Chapuisat, 2006 , 2007 . Whether queens and males from polygynous colonies also 122 mate within their natal colony as an alternative strategy is presently unknown. The genetic 123 structure at microsatellite markers did not reveal marked differences between social forms in 124 mating or dispersal (Chapuisat et al., 2004; Purcell & Chapuisat, 2013) . Moreover, the absence 125 of differentiation between the monogynous and polygynous social forms at both microsatellites
126
and SNPs located outside of the supergene suggests that the social forms are not reproductively 127 isolated (Chapuisat et al., 2004; Purcell & Chapuisat, 2013; Purcell et al., 2014) . unusual patterns of gene flow affect the dynamics of this "social" supergene.
140

Materials and methods
141
Sampling and genotyping strategy
142
The Alpine silver ant Formica selysi is a socially polymorphic species that inhabits large valleys 143 in the Alps and the Pyrenees (Chapuisat et al., 2004; Purcell, Pellissier, & Chapuisat, 2015) .
144
The study population is located in central Valais, Switzerland (Finges; 7°36'30" E, 4°18'30" 145 N, altitude: 565 m; Figure S1 ). The social organization (monogynous or polygynous) of 146 colonies included in the present study had been previously determined by genotyping nestmate 147 workers at microsatellite markers (Purcell & Chapuisat, 2013 originating from 37 polygynous colonies.
169
We obtained RAD-seq data for four workers per queen coming from 63 monogynous and 37 170 polygynous colonies, respectively (Table S1 ; Figure S2 ). The RAD-seq data were used to 171 reconstruct the genotypes of the live queens and their mates at SNPs outside of the supergene 172 and in the supergene (Table S1 ). The SNPs outside of the supergene were used to determine 173 queen mating frequency and for all population genetic analyses. The supergene genotype was 174 used to determine the social origin of the queens and their male mates (Table S1 ).
175
In addition to the four callow workers, we collected at least eight eggs per queen for all queens 176 from polygynous colonies ( Figure S2 ). At the end of the experiment, we dissected the queens
177
and extracted the sperm contained in their spermathecae (Chapuisat, 1998) . The supergene 178 genotypes of queens, sperm and eggs from polygynous colonies were determined with a PCR-
179
RFLP assay that discriminates three SNPs diagnostic for alternative haplotypes of the 180 supergene (Purcell et al., 2014) . These RFLP data were used to confirm the supergene 181 genotypes of queens and mates inferred from RAD-seq data and to supplement the mating 182 pattern data (Table S1 ).
183
DNA was extracted from the head of queens and from the head and thorax of workers with
184
Qiagen Blood and Tissue extraction kit (Qiagen, Hombrechtikon, Switzerland). DNA from 185 eggs and sperm was extracted with a salting-out procedure (Miller, Dykes, & Polesky, 1988) .
186
Genotyping-by-sequencing
187
We used a genotyping-by-sequencing (RAD-seq) approach to identify SNPs in workers 188 (Brelsford, Dufresnes, & Perrin, 2016; Purcell et al., 2016 
193
The genetic data were processed with the software pipeline Stacks v1.46 (Catchen, Hohenlohe, 194 Bassham, Amores, & Cresko, 2013) . The raw reads were demultiplexed using the For each sibship (progenies from singly mated queens), the genotypes of the queen and her 207 male mate were reconstructed from RAD-seq data using the computer program COLONY 208 v2.0.6.1 (Jones & Wang, 2010) . For population genomic analyses we conserved the 246 209 generated SNPs located outside of the supergene and excluded the 25 SNPs in the supergene.
210
Parental genotypes at given SNPs for which the posterior probability was below 0.8 were 211
considered missing values. For multiply mated queens, the maternal and paternal genotypes 212 could not be unambiguously reconstructed. These queens and their male mates were excluded 213 from population genetic analyses on sex-specific dispersal (section 2 below). In total, we 214 reconstructed the genotypes at SNPs outside of the supergene for 157 singly mated queens and 215 their mates.
216
Genetic data analyses 217 1. Social structure, supergene genotypes, mating pattern and queen mating frequency
218
The social structure of each colony had been previously inferred from microsatellite genotypes 219 of worker nestmates (Chapuisat et al., 2004; Purcell & Chapuisat, 2013 SNPs in the supergene obtained by RAD-seq; Table S1 ). For queens and mates from 224 polygynous colonies, the supergene genotypes were further assessed with a PCR-RFLP assay 225 of queens, sperm and eggs (Purcell et al., 2014 ; Table S1 ).
226
We calculated the maximum likelihood relatedness among workers from single queens
227
(progenies) with the algorithm of Huang et al. (2015) , implemented in the software
228
PolyRelatedness v1.6. To obtain unbiased estimate of relatedness, we used RAD-seq generated
229
SNPs located outside of the supergene. We estimated background allele frequencies with 230 colonies being weighted equally. Using these frequencies, we simulated 1,000 datasets 231 consisting of full-sibs (i.e. offspring from single-mated queens), calculated their relatedness and 232 estimated the 95% confidence interval around 0.75, the expected relatedness for full-sibs in 233 haplo-diploids. In complement to the relatedness analysis, we inferred the pedigree 234 relationships between sampled workers using the maximum likelihood approach implemented 235 in the program COLONY v2.0.6.1 (Jones & Wang, 2010 proportion of multiply-mated queens are minimum estimates (Boomsma & Ratnieks, 1996) .
245
With four offspring, there is a 0.125 probability of not sampling a patriline when a queen had The amount of genetic differentiation between social forms was estimated using hierarchical F-271 statistics, with workers nested in sibships, sibships nested in colonies, and colonies nested in 272 social forms. Calculation was performed with the Hierfstat R package v0.04-22 (Goudet, 2005) .
273
Confidence intervals were obtained from 10,000 bootstrap resamples of loci.
274
We estimated the number of private alleles in workers from monogynous and polygynous 275 colonies, respectively (Slatkin, 1985) . To control for the effects of unequal samples sizes and 276 hierarchical sampling, we bootstrap resampled the same number of workers in the monogynous 277 and polygynous social form, using only one individual per colony (Kalinowski, 2004) . We 278 computed the number of private alleles in each social form with the R package 'poppr', based 279 on 10,000 bootstrap resamples (Kamvar, Tabima, & Grunwald, 2014 Figure 2 ; Figure 3 ; Table   299 S1).
300
Queens heading mature monogynous colonies were invariably mated with Sm males (Figure 2; 301 Figure 3 ; Table S1 ). In contrast, queens in polygynous colonies were mated with Sm and Sp 302 males, with a relative contribution of Sm males totaling 22.9% ( Figure 2 ; Figure 3 ; Table S1 ).
303
The proportion of mating with Sm versus Sp males did not differ significantly between Sp/Sp 304 and Sm/Sp queens (Figure 2 ; Fisher exact test, p = 1). 
318
Most queens were singly mated ( Figure 2 ; Figure 3 ; Table S1 ). Yet, at least 16.7% of the queens 319 in polygynous colonies and 9.5% of the queens in monogynous colonies were mated with two colony was significantly greater than zero (r = 0.117 ± 0.089; mean ± SE; p < 0.05; Table S1 ).
351
For both social forms, patterns of isolation by distance revealed signs of restricted dispersal for queens, but not for males (Table 1) . Indeed, the kinship coefficient decreased significantly with 353 geographic distance for queens heading monogynous colonies and for queens heading 354 polygynous colonies. In contrast, no significant isolation by distance was detected for males of 355 monogynous origin, nor for males of polygynous origin (Table 1) . gene flow between social forms (Chapuisat et al., 2004; Purcell & Chapuisat, 2013) . The private 
Discussion
Genomic rearrangements associated with extended regions of suppressed recombination 384 underlie spectacular alternative phenotypes within populations (Schwander et al., 2014; Küpper 385 et al., 2016; Llaurens et al., 2017) . Diverse mechanisms contribute to stabilize these 386 polymorphic supergenes, generally through some form of heterozygous advantage or negative 387 frequency-dependent selection . In many supergenes, the mutant 388 haplotype is a recessive lethal that confers some reproductive advantage to heterozygous 389 individuals (Wang et al., 2013; Schwander et al., 2014; Küpper et al., 2016) . In other cases,
390
disassortative mating balances the polymorphism (Li et al., 2016; Tuttle et al., 2016; Chouteau 391 et al., 2017; Branco et al., 2018) . In the Alpine silver ant, Formica selysi, a large genomic 392 polymorphism is associated with social organization (Purcell et al., 2014) . Both homozygotes 393 are viable and the factors contributing to the maintenance of the polymorphism remain 394 mysterious.
395
To gain insights into the dynamics of alternate supergene haplotypes controlling social 396 organization, we investigated the mating system and dispersal strategies of queens and males
397
belonging to alternative social forms of the Alpine silver ant. We combined field sampling of 398 queens, RAD-seq genotyping of worker progenies and PCR-RFLP assays discriminating 399 alternative haplotypes of the supergene in queens, sperm and eggs. Together, these data 400 confirmed that colony social structure -being headed by one or by multiple reproductive queens
401
-was perfectly associated with alternative genotypes at a large supergene (Purcell et al., 2014) . (Chapuisat et al., 2004; Purcell & Chapuisat, 2013; Purcell et al., 2014) . determined by a supergene (Ross & Keller, 1995; Shoemaker & Ross, 1996; Wang et al., 2013) .
441
Interestingly, in S. invicta the haplotype causing polygyny favors its own transmission through 442 a green beard effect (Keller & Ross, 1998 (Nonacs, 1988; Bourke & Franks, 1995; Keller, 1995; Rosset & 478 Chapuisat, 2007) . This alternative dispersal strategy likely contributes to the success and 479 persistence of the polygynous social organization.
480
Conclusion
481
Large non-recombining genomic variants underlying alternative social systems typically affect 482 multiple behavioral traits, including cooperative behavior, aggression and mate choice (e.g. Funding was provided by the Swiss National Science Foundation grants 31003A-146641 and 501 31003A-173189 to M.C., the University of Lausanne and the Fondation Herbette UNIL.
502
Data accessibility
503
Demultiplexed genotyping-by-sequencing reads have been deposited in the NCBI Sequence
504
Read Archive under the accession number SRP150340. Figure S1 . Map of colonies Page 1 Figure S2 . Scheme of experiment Page 2 Figure S1 . Map of monogynous (blue) and polygynous (red) colonies from which four workers per queen were collected for RAD-sequencing.
